OPTICAL RECEIVER 



BACKGROUND OF THE INVENTION 
Field of the Invention 
The present invention relates to an optical receiver for an optical communi- 
cation system, particularly an optical receiver that can be used advantageously 
in an optical wavelength division multiplexing (WDM) communication system 
that transmits signals by using Hght having a plurahty of different wave- 
lengths. 

Description of the Backgroimd Art 

As optical communication systems become prevalent in the world, they have 
been increasingly incoiporating WDM transmission systems that use a plural- 
ity of wavelengths in order to further increase the capacity of communication. 
In particular, researchers and engLneers have been studying a system that con- 
nects a central office and subscribers by using a plurahiy of wavelengths, for 
example firom four to sixteen wavelengths, in order to introduce optical fibers 
into the subscribers' lines at low cost. 

In this case, a high-performance wavelength multiplexer is placed at a 
wavelength multiplexing point at a ratio of i22 : 1 (m: the degree of multiplexing) 
at a central office to produce Hght having multiplexed wavelengths. At the sub- 
scribers' side, on the other hand, a high-performance wavelength demultiplexer 
is placed at a wavelength demultiplexing point at a ratio of I : J22 to separate 
the Hght according to individual wavelengths. Supposing that the Hght has 
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mtiltiplexed wavelengths consisting of X i, X 2, X ^, the wavelength demul- 
tiplexer selects light having a wavelength, X^, assigned to the /-th subscriber 
to send the selected Hght to the optical fiber for the j-th subscriber. In principle, 
any wavelength demultiplexer can also be used as a multiplexer. Thus, for sim- 
5 pHcity, the word "multiplexer" is used in this specification as a general term to 
refer to both multiplexers and demultiplexers, except when it is necessary to 
distinguish the two devices or functions. Because high-performance optical 
wavelength multiplexers can multiplex and demultiplex a midtitude of wave- 
lengflis at a time, they have already been put into practical use in long-distance, 
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S 10 wide-area transmission systems. 

In order to apply the above-mentioned WDM communication system to a 
y small area, it is essential to construct the system at low cost. Conventional op- 
tical wavelength multiplexers placed at wavelength mtdtiplexing points at a 
ratio of i22 : I and at wavelength demultiplexing points at a ratio of 1 : in are 
15 extremely high-cost, which as a result increases the cost of the WDM communi- 
cation system. Consequently, researchers and engineers have been studying to 
develop a system in which no expensive optical wavelength multiplexers are 
used. 

One of the studies has been reported by Y. Murakami and Mi Koucbi ia a 
20 report, entitled "Development of simplified WDM system — Development of 
compact EDFA and optical receiver provided with optical BPF," in the Technical 
Report of lEICE OCS99-60 (1999-09) (pp. 41-46), where lEICE is a abbrevia- 
tion for The Institute of Electronics, Information and Communication Engi- 



neers of Japan. 

The WDM communication system in this report uses inexpensive star cou- 
plers, in place of optical wavelength multiplexers, at wavelength multiplexing 
points and wavelenglii demultiplexing points. Because a star coupler has no 
function of wavelength separation, it distributes li^t having the same wave- 
length spectrum to all the optical fibers connected to it. At a light-receiving side, 
a band pass filter (BPF) selects light having the wavelength X j to receive it. 

In the system proposed in the report, it is advantageous to bring the wave- 
lengths of a plurality of optical signals closer to one another so that the number 
of subscribers can be increased. However, when the neighboring wavelengths 
are close to each other, strict control over the accuracy of the wavelength of 
light produced by an optical source and over the accuracy of the wavelength of 
light received by an optical receiver is required. Consequently this iacreases 
the cost. In this report, the system is designed to use eight wavelengths ia the 
1.5 II m band, with each wavelength having a band width of 3.2 nm. More spe- 
cifically, eight center wavelengths are assigned to, for instance, 1,536.6 nm, 
1,539-8 nm, 1,543.0 nm, 1,559.0 nm at 3.2-nm intervals. Because the center 
wavelengths are assigned at extremely narrow iatervals, the light-emitting 
devices must be laser diodes (LDs) having an extremely sharp spectrum in the 
emitted light at the assigned center wavelength. Similarly, at a light-receiving 
device side, it is necessary to use a wavelength-selecting filter having a sharp 
wavelength selectivity- 
Some terms used in this specification are defined below. Supposing that the 



number of different wavelengths used in a WDM transmission system is m, the 
wavelengths are denoted in X^y A 2, X ^. Supposing that the same interval 
is given to the neighboring wavelengths, the interval is denoted in A . Of 

course, different intervals may be employed. 

Supposing that the number of subscribers (optical network units: ONUs) is m, 
the subscribers are denoted in Ui, U2, U^^. The y-th subscriber, Uj, exclusively 
receive the /th wavelength, 1 j = 1 1 + (7 - 1) A . Consequently, the wavelength 
>l j is referred to as "the assigned wavelength" for the subscriber U|. The set of 
the other wavelengths, l^, Xg, >tj + i, — , is referred to as "the 

complementary wavelength" and denoted in F^. Hence, F j = { A 1, A 2, X 
1, Xj + i, ytml ' This can also be expressed in F^ = A - Aj, where A 
signifies the set of all the wavelengths. 

The y-th LD, which emits light having the wavelength A j, is denoted in Lj. 
The light emitted from L5 has a sharp peak at the wavelength X-y The band 
width assigned to each wavelength is A or less, which is extremely narrow. 
The y-th filter, F^, selectively transmits the assigned wavelength X ^ out of the 
set of all the wavelengths, A = { A 1, A 2, X ^ , reflecting the complemen- 
tary wavelength, F^= {^1, Aj.i, Aj+a, X^ . 

The system in the report uses a star coupler, which is low in cost and has no 
function of wavelength separation, for multiplexing and demxiltiplexing wave- 
lengths. Consec[uently, an optical receiver must select the assigned wavelength 
on its own. However, photodiodes (PDs) based on InGaAs, conventionally used 
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for optical communicatioiis, have high sensitivity in a wide wavelength spec- 
trum from 1.0 to 1.6 /X m. In other words, an InGaAs-based PD has no wave- 
length selectivity- Therefore, the system in the report places a BPF that selec- 
tively transmits the assigned wavelength forward of the PD in an optical re- 
5 ceiver. 

A BPF is produced by laminating a plurahty of layers consisting of at least 
two types of dielectric layers having different refractive indexes and thick- 
nesses. It transmits a specified wavelength only. The system in the report uses 

P a BPF that transmits the assigned wavelength, ylj, and reflects the other 

ttt 10 wavelengths, i.e., the complementary wavelength, P., 

I ' Figure 1 shows a cross-sectional view of an optical receiver used in the report. 

III A disc-shaped metal stem 1 mounts a PD 2. Although not shown in the figure, 

"^'-^^ the stem 1 has pins, to which the upper and lower electrodes of the PD 2 are 
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connected with wires. The stem 1 is securely inserted into a lens holder 4, made 
15 of cylindrical metal, that holds a lens 3 at the forward opening. The lens holder 
4 is inserted into a larger cylindrical housing 5. A cyhndrical holder 6 is welded 
to the end of the housing 5 in optical alignment. 

A cylindrical inverse collimator 7, a disc-shaped BPF 8, and a cylindrical col- 
limator 9 are inserted into the holder 6 in optical alignment. A cylindrical fer- 
20 rule 11, also, is inserted into the holder 6 to support the end of an optical fiber 
10. 

Incoming light having multiplexed wavelengths has all the wavelength com- 
ponents ( A = { ^ 1, A 2> — > ^ vJ )- Abeam of incoming Hght emerges from the 
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optical fiber 10, is spread out by tte collimator 9 to become a parallel beam, and 
is subjected to the wavelengtb selection carried out by the BPF 8. The BPF 8 
transmits the assigned wavelength only and reflects the complementary 
wavelength. The transmitted hght is focused through the inverse collimator 7, 
5 passes through an opening 12, enters the housing 5, is focused through the lens 
3, and finally enters the PD 2. Thus, the PD 2 detects the assigned wavelength 
JljOnly. 

J"! As mentioned above, a collimator is provided in an optical receiver, because a 

[II BPF made of a dielectric multilayer film cannot perform strict wavelength se- 
\y 10 lection unless a parallel beam of Kght is supphed. Even a shght gradient of a 
^ beam can cause an error in the wavelength selectivity When hght emerges 

Tz I 

from an optical fiber, the beam of light spreads out in accordance with the nu- 
|n merical aperture (NA) determined by the refractive indexes of the core and 
cladduig. Divergent rays of a beam have different angles of gradient in the 
15 cross section. Therefore, the BPF cannot select the assigned wavelength accu- 
rately under this condition. It is necessary to use a collimator to introduce hght 
in the form of a parallel beam into a BPF made of a dielectric multilayer film. 

The optical receiver shown in Fig. 1 is large and extremely expensive because 
it is composed of a housing, a lens holder, and a holder to house and secure a 
20 lens, a collimator, and an inverse collimator. The optical receiver measures no 
less than 7 to 10 mm in diameter and 15 to 20 mm in length. It is diE&cult for a 
system that requires such large and expensive devices to come into widespread 
use as a communication system for coxmecting subscribers of general house- 



holds. 

SUMMARY OF THE INVENTION 

The present inventiou has a feature in that a wavelength-selecting filter is 
attached intimately to the end face of or to a cut section at a midpoint of a 
light-transmitting medium such as an optical fiber or waveguide that intro- 
duces incoming light, light having passed through the filter is introduced to a 
PD. This method gives wavelength selectivity to a surface-mounted optical re- 
ceiver. Since the filter is in intimate contact with the end face of or with a cut 
section of a Hght-transmitting medium, it can select the assigned wavelength 
while the beam of Hght practically remains paraUeL This method stabiLLzes the 
performance of the optical receiver. Therefore, it is not necessary to rely on a 
coUimator, an inverse collimator, and a lens. Consequently, the present inventi- 
on can offer an optical receiver small in size, few in the number of parts, simple 
in assembly, and, above all, low in cost. 

Although the wavelength-selecting filter is in intimate contact with the end 
face of or with a cut section of a light-transmitting medium, a minuscule gap 
between the filter and the Hght-transmitting medium cannot be avoided. The 
gap is filled with a transparent resin having a refractive index comparable to 
that of the light-transmitting meditun. 

Whether the wavelength-selecting filter is attached to the end face of a light- 
transmitting medium or inserted into a cut portion at a midpoint of a light- 
transmitting medium, it is desirable that the light-receiving face of the filter be 
slanted at an angle of 4 to 12 degrees to the plane perpendicular to the optical 
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axis (the angle is called the oblique angle 0). This slant can prevent the re- 
flected light from returning to the LD in a hght source to cause LD instability. 
Actually, when the difference in the refractive index is sufficiently small be- 
tween the light-transmitting medium and the filter and between the Hght- 
transmitting medium and the resin that fills the gap, the reflected hght causes 
no problem. In this case, therefore, no slant is required. However, an oblique 
filter is more desirable in many cases. The phenomena when the filter is 
slanted are explained below. 

When a wavelength-selecting filter is intimately attached to the end face of 
or to a cut section of a hght-transmitting medium, the filter can select the as- 
signed wavelength while the beam of hght practically remains parallel. Conse- 
quently, only the Hght having the assigned wavelength passes through the fil- 
ter without disturbance. The unwanted wavelengths (the complementary 
wavelength) are refl.ected completely at the filter. The reflected hght is placed 
in a dissipation mode and dissipates because it is slanted to the optical axis by 
the amount of 2 ©, two times the obhque angle 6 of the filter. The hght having 
the assigned wavelength can be detected by a PD having a photo-sensitive area 
with a large diameter. Even if the PD has a wide range of sensitivity in the 
wavelength spectrum, there is no possibihiy of crosstalk because the transmit- 
ted hght has single wavelength only. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawings: 

Figure 1 is a cross-sectional view of an optical receiver used in a prior art for 



WDM communicatioii; 

Figure 2 is a longitudinal cross section of an optical receiver of Embodiment I 
o£ the present invention; 

Figure 3 is a plan view of an optical receiver of Embodiment 1 of the present 
invention before applying a transparent resin; 

Figure 4 is a longitudinal cross section of an optical receiver of Embodiment 2 
of the present invention; 

Figure 5 is a plan view of an optical receiver of Embodiment 2 of the present 
invention before applying a transparent resin; 

Figure 6 is a longitudinal cross section of an optical receiver of Embodiment 3 
of the present invention; 

Figure 7 is a plan view of an optical receiver of Embodiment 3 of the present 
invention before applying a transparent resin; 

Figure 8 is a longitudinal cross section of an optical receiver of Embodiment 4 
of the present invention; 

Figure 9 is a plan view of an optical receiver of Embodiment 4 of the present 
invention before applying a transparent resin; 

Figure 10 is a longitudinal cross section of an optical receiver of Embodiment 

5 of tiie present invention; 

Figure 11 is a plan view of an optical receiver of Embodiment 5 of the present 
invention before applying a transparent resin; 

Figure 12 is a longitudinal cross section of an optical receiver of Embodiment 

6 of the present invention; 
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Bigure 13 is a plan view of an optical receiver of Embodiment 6 of the present 
invention before applying a transparent resin; 

Figure 14 is an illustration explaining that when a wavelength-selecting fil- 
ter is inserted obHquely into a midpoint of an optical fiber, the refiracted hght 
reverts to core-propagating light. 

Figure 15 is a longitudinal cross section of an optical receiver of Embodiment 
7 of the present invention; 

Figure 16 is a plan view of an optical receiver of Embodiment 7 of the present 
invention before applying a transparent resin; 

Figure 17 is a perspective view of the substrate portion of an optical receiver 
of Embodiment 8 of the present invention; 

Figure 18 is a perspective view of an optical receiver of Embodiment 8 of the 
present invention after it is packaged. 

Figure 19 is a transverse cross section of an optical receiver of Embodiment 8 
of tbe present invention after it is packaged. 

Figure 20 is a longitudinal cross section of a feiruled optical fiber used in an 
optical receiver of Embodiment 9 of the present invention; 

Figure 21 is a longitudinal cross section of a ferruled optical fiber used in an 
optical receiver of Embodiment 10 of the present invention; 

Figure 22 is a longitudinal cross section of a ferruled optical fiber used in an 
optical receiver of Embodiment 11 of the present invention; 

Figure 23 is a longitudinal cross section of a ferruled optical fiber used in an 
optical receiver of Embodiment 12 of the present invention; and 
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Figure 24 is a partial horizontal cross section of an optical receiver of Em- 
bodiment 13 of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

In the present invention, a wavelength-selecting filter is attached perpen- 
dicularly or obhquely to the end face of or to a cut section at a midpoint of a 
light-transmitting medium. The filter transmits only an assigned wave length 
to introduce it into a PD. The light-transmitting medium is composed of an 
optical fiber or an optical waveguide. In the case of an optical fiber, the optical 
fiber can be securely inserted into a V-shaped groove formed on a substrate. An 
optical waveguide comprises an SiO^ under-cladding layer and an SiOs over- 
dadding layer formed on a substrate and a linear core sandwiched between the 
two claddings. The core is made of SiOg doped with an impurity that increases 
the refiractive index, such as GeOa. Light propagates in the core, which has a 
higher refractive index. 

in the present invention, a wavelength-selecting filter is attached to the end 
face of or to a cut section at the midpoint of a light-transmitting medium. In the 
case of the end face, the end face of an optical fiber or an optical waveguide is 
slanted, and the filter is intimately attached to it, for example, by using adhe- 
sive. It is desirable that the adhesive be transparent and have a refiractive in- 
dex comparable to that of the optical fiber or waveguide. However, because the 
adhesive layer is extremely thin, a small amomit of difference in refractive in- 
dex poses practically no problem provided that the adhesive is transparent. 
Since the filter is attached to the end face of the light-transmitting medium, it 
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is necessary to provide a space between the light-transmitting medixim and a 
PD. In order to prevent a beam of light from spreading out in the space, it is 
desirable to fill the space with a transparent resin having a refractive index 
comparable to that of the light-transmitting medium. 

When a wavelength-selecting filter is inserted into a midpoint of a light- 
transmitting medium, an oblique space can be provided so that the filter can be 
inserted thereinto and fixed. In this case, also, the filter is cemented with 
transparent adhesive. Notwithstanding that the adhesive layer separates the 
filter firom the light-transmitting medium, essentially no angular dispersion of 
a beam of light occurs when the transparent adhesive has a refractive index 
comparable to that of the light-transmitting medium. Since the beam of light 
practically maintains the original conditions in angle, light having passed 
through the filter can enter the light-transmitting medium again. This mecha- 
nism is explained later. 

A substrate used for an optical receiver of the present invention can be a sin- 
gle-crystalline Si substrate, a single-crystaUiae GaAs substrate, a single- 
crystalline InP substrate, or another single-crystalline semiconductor substrate. 
These types of substrates allow the formation of grooves and other structures 
by anisotropic etching and isotropic etching. Aplastic substrate, ceramic sub- 
strate, or glass substrate can also be used. These substrates are less costiy and 
easy to handle; grooves and other structures can be formed by a mechanical 
means. 

When a wavelength-selecting filter is provided perpendicularly to the optical 
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axis, if reflected light is intense, tlie reflected light returns to an LD in a light 
source, causing the LD to be unstable. To avoid this detrimental phenomenon 
by preventing the reflected light from returning to the LD, it is desirable that a 
filter-fixing face and a filter-fixing space be slanted to the plane perpendicular 
to the optical axis at the oblique angle 0 . The desirable oblique angle @ is 
approximately 4 to 12 degrees. The filter reflects unwanted light, and the re- 
flected light forms an angle of 2 0 to the optical axis. When the refractive index 
of a core is denoted in and that of a cladding in n^^ the critical angle of the 
beam of light that can propagate is given in cos'^ (n^f^oX If the angle of gradient, 
2 0 , of the reflected Hght is larger than the critical angle, cos'^ the re- 

flected light is placed in a dissipation mode, i.e., it passes through the daddlag, 
exits to the outside, and then dissipates. This condition is expressed in equa- 
tion (1). 

20 > cos^ {n^/n^ (1). 

With ordinary core materials and cladding materials, the condition .0 =4 
degrees satisfies this inequality. The condition 0 = 12 degrees is not derived 
from optical conditions. If the angle is excessively large, it is technically diffi- 
cult to provide an oblique groove and an obhque end face on a substrate. 

A wavelength-selecting filter is produced by laminating a multitude of dielec- 
tric layers on a substrate made of glass, a plastic material such as polyimide, or 
another material. Various combinations of the refractive indexes and thick- 
nesses of the dielectric layers enable the design of the filter that can transmit 
the assigned wavelength, reflecting the complementary wavelength. It is effec- 
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tive to increase the number of layers in order to increase the wavelength selec- 
tivity. 

A PD can be of any type, such as a back-intiminated type, a top-i]luminated 
type, a side-iUuminated type, and a waveguide type. 

Different types of PD have different types of pathways that introduce light 
into the PD after emerging from a wavelength-selecting filter. In the case of a 
back-illuminated PD, an optical pathway-changing groove is provided between 
a hght-transmitting medium and the PD, the PD is mounted such that it strad- 
dles the end portion of the groove with its back face facing the groove, and the 
groove reflects light having emerged from the light-transmitting medium to 
introduce it into the back face of the PD. In the case of a top-illuminated PD, an 
optical pathway-changing groove is provided between a Hght-transmitting me- 
dium and the PD, the PD is mounted upside down such that it straddles the 
end portion of the groove with its reversed top face facing the groove, and the 
groove reflects hght having emerged from the light-transmitting medium to 
introduce it rato the reversed top face of the PD. In the case of a side- 
iUuminated PD and a waveguide-type PD, the PD is placed in the vicinity of the 
end face of the hght-transmitting medium without using an optical pathway- 
changing groove so that light haviag emerged from the light-transmitting me- 
ditun can enter the side face of the PD without being reflected. 

In any type of PD, it is necessary to cover the hght-transmitting medium 
such as an optical fiber or waveguide, the wavelength-selecting filter, and the 
PD with a transparent resin. One reason is that when the principal parts are 
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encapsulated in an opaque resin afterward, the transparent resin prevents the 
optical pathway from being dogged by the opaque resin. Another reason is to 
reduce the divergent angle of a beam of light so that the percentage of light 
incident onto the PD can be increased. Yet another reason is to reduce reflec- 
tion at the boundaries. In order to reduce the divergent angle and reflection, 
the transparent resin should have a refractive index comparable to that of the 
light-transmitting medium. Yet another object of the transparent resin is to 
reduce the deflection angle (the refraction angle). 

A transparent resin reduces the divergent angle of a beam of light by the 
mechanism described below. As described previously, when Kght emerges from 
an optical fiber into the air, the beam of Kght spreads out in accordance with 
the NA of the optical fiber. When the divergent angle is denoted in 0 , the NAis 
given in equation (2). 

NA(inair) = sin 6 ={n^-nif^ (2), 

where n^i the refractive index of the core of a light-transmitting medium, and 
72^- the refractive index of the cladding of a light-transmitting medium- 
Equation (2) shows the NA when light enters the air. When Kght enters trans- 
parent resin having a refractive index of the NAis given in equation (3). 

NA(in resin) =sia 6 ' = (no"" - n^Y^/n, (3), 

where 6 the divergent angle. 
For example, i£ n^is 1.5, the divergent angle d ' decreases by a factor of about 
1.5. This decrease is equivalent to the decrease in soKd angle by a factor of 
about 2. This calculation demonstrates that when emerging from an optical 



16 



fiber or waveguide into a transparent resia, a beam of light shows practically 
no divergence. 

Furthermore, equation (3) has an iatrinsically important meaning in the 
present invention. When a wavelength-selecting filter is directly attached to an 
optical fiber or waveguide, the NAis dependent on the refractive index of the 
filter. The refractive indexes of the dielectric layers of the filter are not the 
same. When the average refiractive index is denoted in including the refirac- 
tive index of the substrate of the filter, the NA when Hght enters the filter is 
obtained by replacing with jOf in equation (3). Equation (4) below gives the 
divergent angle 0 " in the filter. 

NA(in filter) = sin 6 = (iio^ - u^^^/n, (4). 
When the filter is intimately attached to an optical fiber or waveguide, the NA 
decreases by a factor of Consequently, the beam of light has a small amount 
of gradient, and accurate wavelength selectivity can be maintained. Because 
the substrate constitutes the major portion of the thickness of the filter, iif is 
assumed to be practically equal to the refiractive index of the substrate. 

The mechanism of a reduction in deflection angle at a boundary is explained 
below. When the boundary iu contact with air is slanted at an angle of 0 , the 
refraction angle <&(air) is expressed in equation (5), 

^»(air) = sia-Ui3bsin0)- @ (5), 
This angle is considerably large. When the substance outside the boundary is a 
transparent resin having a refiractive index of Ji^, the refraction angle ^ (trans- 
parent resin) is expressed in equation (6). 
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0(transpareut resin) =sm'^ (i3bsin0/i^) - 0 (6). 
For example, wlien 0=8 degrees, Dq = 1.46, and = 1.50, ^ (transparent 
resin) is -0.2 degrees. In the case of air, since — 1.0, ^(aix) is 3.7 degrees. 
This means that when the filter is slanted at an angle of 8 degrees, a beam of 
light emerging from the filter into the air is refracted at an angle no less than 
3.7 degrees in the direction of the slant of the end face. On the other hand, the 
beam of light is practically free from refraction (deflection) at the boxmdary 
between the filter and the transparent resin. 

Embodiments of the present invention are e3q)lained below by referring to 
the accompanjdng drawings. In the drawings, the same member bears the 
same sign so that duplicated explanation can be avoided. The ratios of the di- 
mensions ia the drawings do not necessarily coincide with the explanation. 

(Embodiment 1) 

Figures 2 and 3 show an optical receiver of Embodiment 1 of the present in- 
vention. An optical pathway-changing groove 21 and a V-shaped groove 22 are 
provided on the top of an Si substrate 20, which has tiie shape of a rectangular 
soKd. The V-shaped groove 22 is provided from the front end to the center por- 
tion of the substrate, and the optical pathway-changing groove 21 from the cen- 
ter portion to the middle portion of the rear half. They are provided on the cen- 
ter axis of the substrate and are separated by a lateral groove 29. An optical 
fiber 23 is placed in the V-shaped groove 22 and fixed there. The V-shaped 
groove 22 eliminates the need for the alignment work of the optical fiber. The 
V-shaped groove 22 can be formed by anisotropic etching. It can also be formed 
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by a meclianical means. The lateral groove 29, can also be formed by either 
etching or a mechanical means. 

Although not shown in the figures, an electrode pattern is printed by metal- 
lizing on the Si substrate 20 for mounting a PD. A PD 24 is cemented to the 
pattern on the Si substrate 20 so that the PD can straddle the end portion of 
the optical pathway-changing groove 21. The PD 24 is a back-iUuminated type, 
which introduces a beam of Kght from the back face, and has a photo-sensitive 
area 25 at the upper portion. In this embodiment, the optical pathway- 
changing groove 21 has three faces: an oblique end face 26 and side faces 27 
and 28. The oblique end face 26 is important as a mirror face. The back face of 
the PD 24 lies directly above the obhque end face 26. 

The lateral groove 29 hes between the V-shaped groove 22 and the optical 
pathway-changing groove 21 and is orthogonal to the axis of the Si substrate 20. 
The lateral groove 29 is provided to form an oblique face of the Si substrate 20 
in the proximity of the end face of the optical fiber 23. This obHque face is 
referred to as a wavelength selecting filter-fixing face 30, which can become 
flush with the end face of the optical fiber by pohshing, for example. The 
oblique angle 6 of the end face of the optical fiber and the obhque face is 
specified to fall in the range of 4 to 12 degrees. A wavelength-selecting filter 32 
is fixed intimately to the wavelength selecting filter-fixing face 30. Since the 
wavelength-selecting filter is slanted at the angle 6 , the filter is designed to 
transmit the assigned wavelength Xj when a beam of hght enters at this 
obhque angle. This slant is provided to prevent the reflected fight from return- 
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ing to the optical fiber. The PD 24, the optical pathway-changLag groove 21, the 
wavelength-selecting filter 32, and the end portion of the optical fiber 23 are 
covered with a transparent resin 34 having a refiractive index comparable to 
that of the optical fiber. The role of this resin in terms of geometrical optics is 
that it decreases the angle of relBeaction at the boundaries to suppress the re- 
flection. The resin mechanically protects the PD and the filter and prevents the 
optical pathway firom clogging when the principal parts are encapsulated in an 
opaque resin afterward. 

The substrate is fixed to a lead firame (not shown in the figures), the leads 
and the electrode terminals on the substrate are connected by wire bonding, 
and the principal parts of the device are securely molded with epoxy resin. The 
completed device is a plastic package from which lead pins and an optical fiber 
protrude (see Fig. 18 to obtain diagrammatic information, although the figure 
is provided for another embodiment). 

The optical receiver having the above-described structure functions as fol- 
lows: The optical fiber 23 is connected to an outside optical fiber (not shown in 
the figures) with an optical connector. Incoming signal-laden light propagates 
firom the outside optical fiber to the optical fiber 23. Because of a WDM trans- 
mission system, the incoming Eght includes all the wavelengths. As described 
above, the wavelength-selecting filter 32 transmits only the assigned wave- 
length ylj, reflecting the complementary wavelength. 

Since the wavelength-selecting filter 32 is in firm contact with the end face of 
the optical fiber 23, it selects the assigned wavelength before a beam of Kght 
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spreads out. Therefore, it is not necessary to rely on a lens or collimator. The 
beam of Hght having the assigned wavelength passes through the wavelength- 
selecting filter 32, passes through the transparent resin 34 as a beam composed 
of rays such as Bl, B2, and B3, is reflected at the oblique end face 26, enters the 
PD 24 firom the back face, reaches the photo-sensitive area 25, and finally gen- 
erates photocurrent. The photocurrent is the signal to be received. 

The optical receiver is produced by the process explained bdow. A basic pat- 
tern 3 mm in length and 1.5 mm in width, which corresponds to one chip, is 
repeatedly formed by photolithography on a 1.0-mm-thick single-crystalline Si 
plate having the (100) plane. The V-shaped groove 22 for fixing the optical fiber 
and the optical pathway-changing groove 21 are formed by etching on each of 
the basic patterns. A l-/x m-thick SiOg insulating layer is provided at the place 
on the Si substrate where the PD is to be mounted. Cr-Au electrode terminals 
are formed by metallizing at the place where the PD is to be bonded. 

The lateral groove 29 is provided by dicing to form the wavelength selecting 
filter-fiixing face 30. The wavelength selecting filter-fixing face 30 and the end 
face of the optical fiber 23 are processed to have a 4- to 12-degree slant to the 
plane perpendicular to the optical axis. It is desirable that the oblique angle 0 
be 8 degrees. The slant is provided to prevent the reflected light firom returning 
to the fight-emitting device, the LD. The above-described preparation is carried 
out at the stage of wafer. On completion of the process for individual chips, the 
wafer is cut to obtain a mtdtitude of chips (Si substrates) having a size of 3 X 
1,5 mm. After this, each chip is processed individually. 
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The optical receiver uses a back-iflunmiated type of InGaAs PD having a size 
of 500 X 500 X 300 jx m. The PD has a wide range of sensitivity including a 

1.3- /im band and a 1.55- /z m band. The PD is fixed to the metallized surface 
previously formed on the Si substrate with solder such as Au-Sn. The optical 
fiber is placed in the V-shaped groove to align its end face with the wavelength 
selecting filter-fixing face 30. The optical fiber is then fiLxed by using epoxy 
resin. The wavelength-selecting filter 32 is cemented obHquely to the end face 
of the optical fiber and the wavelength selecting filter-fixing face. As mentioned 
above, the oblique angle 6 is 4 to 12 degrees. 

The wavelength-selecting filter transmits only the assigned wavelength, 
which enters the filter at the oblique angle ©. The optical receiver uses a 
wavelength-selecting filter having a center wavelength of 1,546.2 nm. The 
wavelength-selecting filter is produced by vapor-depositing a dielectric multi- 
layer film on a polyimide substrate. The wavelength-selecting filter has a 
thickness of 100 m m, a length of 1 mm, and a width of 1 mm. An increase in 
the number of dielectric layers increases the sharpness of the wavelength selec- 
tivity. Because the wavelength difference between the neighboring wavelengths 
is extremely small at 3.2 nm, a multitude of dielectric layers is required, in- 
creasing the thickness of the dielectric multilayer film. 

Subsequently, the optical pathway-changing groove, the end portion of the 
optical fiber, and the PD are covered with a sflicone-based transparent resin 
having a refiractive index comparable to that of the optical fiber. This resin re- 
duces the reflection of light at the surface of the filter and at the back face of 
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the PD, and protects individual parts. 

The assembly process o£ this optical receiver has various advantages that 
cannot be obtained by conventional stereoscopic PD modtdes. The optical re- 
ceiver can be assembled in a short time by a passive alignment technique, 
which does not require feeding of electric current and monitoring of optical and 
electrical signals. 

AH the parts are aligned in one plane on the Si substrate, and the optical 
fiber is precisely ahgaed merely by pladng it in the V-shaped groove formed by 
etching at the precisely determined place. That is, the optical fiber is positioned 
without fine adjustment. The PD has only to be bonded to the electrode- 
terminal pattern that has been precisely positioned in advance. This process 
securely positions the PD to where it can receive aU the rays of a fight beam 
emerging from the wavelength-selecting filter. 

In comparison with devices produced by the conventional technique, the opti- 
cal receiver of the present invention can be moimted in a considerably short 
time, has few parts, and can be produced stably at low cost. 

The dimensions of the optical receiver is practically determined by the Si 
substrate. The optical receiver can be an extremely small device even when aU 
the parts are mounted on the Si substrate because the substrate measures for 
example, as small as 3 mm in length and 1.5 mm in width. The height can be 
less than 3 m m even when tiie thicknesses of the SiOg layer, the metaOized 
electrode pattern, the PD, and the resin are added to the 1 mm thickness of the 
Si substrate. When the optical receiver is fixed onto a lead firame, the total 
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thickness is no more than about 4 mm. 

The optical receiver produced by the above-described method was subjected 
to the measurement of wavelength selectivity. When the sensitivity at the cen- 
ter wavelength 1,546.2 nm is expressed as 0 dB, the total width 5 of the 
5 wavelength at which the sensitivity decreases to -20 dB was about 3 nm (here- 
inafter 6 is referred to as the 20-dB-attenuating wavelength band). This val- 
ue is determined by the performance of the wavelength-selecting filter. If the 
Q wavelength selectivity of the filter is farther improved, the 20-dB-attenuating 
h^' wavelength band 5 can be decreased to less than 3 nm. In this embodiment, 
% 10 because the wavelength interval A in WDM signals is specified as 3.2 nm, ttie 

■ : S B 

s 20-dB-attenuating wavelength band 8 of 3 nm cannot cause optical crosstalk 

O (Embodiment 2) 

Figures 4 and 5 show Embodiment 2. Dissimilar to Embodiment 1, an SiO^- 
15 based optical waveguide is formed on the Si substrate in place of liie optical 
fiber, and the wavelength-selecting filter is cemented to the end face of the 
waveguide. Since no optical fiber is used, no V-shaped groove is required. Con- 
sequently, no optical fiber-fixing work is required. 
An optical pathway-changing groove 21 is provided on the center axis of an Si 
20 substrate 20, which has the shape of a rectangular sohd. The optical pathway- 
changing groove 21, provided at the middle portion of the substrate, has three 
faces: an obhque end face 26 and side faces 27 and 28. These faces are coated 
with gold, aluminum, or another material to increase the reflectance. A PD 24 
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is moimted directly above the obKque ead face 26. The PD is also a back- 
illuminated type. A top-illuminated PD may be used by mounting it upside 
down. 

A waveguide 35 is formed firom the front end to the center portion of the Si 
substrate to introduce signals. The waveguide is formed by laminating on the 
substrate an imder-dadding layer 36 made of SiOg, a core 37 having a high 
refractive index (for example, Ge-doped SiOg), and an over-cladding layer 38 
made of SiOg. A lateral groove 29 is formed at the end of the optical waveguide 
35. The bottom surface of the lateral groove 29 is not required to be at the same 
level as that of the bottom line of the optical pathway-changing groove 21. A 
lateral groove 29 can be formed by either etching or didng. The lateral groove 
29 is provided to form an oblique face, and the wavelength selecting filter-fbdng 
face 30, at the end of the optical waveguide. 

A wavelength-selecting filter 32, made of a dielectric multilayer film, is ce- 
mented to the obhque end face 31 of the optical waveguide. The end face of an 
outside optical fiber (not shown) that transmits signals from outside is cement- 
ed to the front end of the optical waveguide 35. The end portion of the optical 
waveguide 35, the wavelength-selecting filter 32, the optical pathway-changing 
groove 21, and the PD 24 are covered with a transparent resin 34. The Si sub- 
strate is fixed to a lead frame, and plastic molding with epoxy resin completes 
the production of the device. 

Light, having multiplexed wavelengths, enters the optical waveguide 35 from 
the outside optical fiber. The wavelength-selecting filter 32 transmits only the 
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assigned wavelength, reflecting the complementary wavelength. Since the 
wavelength-selecting filter 32 is in dose contact with the end face of the optical 
waveguide 35, it is unnecessary to rely on a lens or coUbnator. The wave- 
length-selecting filter is slanted, therefore the complementary wavelength is 
dissipated without returning to the optical fiber. Rays Bl, B2, and B3 of the 
beam of the light having the assigned wavelength are reflected at the obKque 
end face 26 of the optical pathway-changing groove 21, enter the PD 24, reach 
the photo-sensitive area 25, and are finally converted into photocurrent. The 
photocurrent is the signal to be received. 

The optical waveguide 35 can be formed easily on the Si substrate at the sta- 
ge of wafer process. Because no optical fiber is used, optical fiber-related work 
is eliminated after the cutting into chips. As a result, the assembly time is 
further shortened. 

(Embodiment 3) 

Figures 6 and 7 show Embodiment 3. As is the case with Embodiment 1, a V- 
shaped groove is provided on an Si substrate to fix an optical fiber. An obhque 
space is provided at the midpoint of the optical fiber, and a wavelength- 
selecting filter is inserted into the space. 

An optical pathway-changing groove 21 and a V-shaped groove 22 are provid- 
ed on the center axis of a substrate 20, which has the shape of a rectangular 
soM. The optical pathway-changing groove 21 is coated with metal to increase 
the reflectance. A PD 24 is mounted directly above the oblique end face 26. An 
optical fiber 23 is placed in the V-shaped groove 22 formed firom the firont end to 
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the center portion of the substrate and fixed there. The end face of the optical 
fiber is obliquely pohshed to prevent the reflected light firom returning to aa LD. 
An obHque wavelength selecting filter-fixing groove 39 is provided by cutting 
orthogonally to the axis of the optical fiber at the midpoint of the optical fiber. 
During this machining process, the optical fiber is severed concurrently. A 
wavelength-selecting filter 32 is inserted into this cut portion and fixed. The 
wavelength-selecting filter 32, the optical pathway-changing groove 21, and the 
PD 24 are covered with a transparent resin 34. The substrate is fixed to a lead 
firame, and the electrode terminals and leads are connected by wire bonding. 
Plastic molding with, for example, epoxy resin completes the production of the 
device. 

Dissimilar to Embodiment 1, the wavelength-selecting filter is inserted into 
the midpoint of the optical fiber, imattached to its end face. Although the 
wavelength selectivity is unchanged, the insertion of the wavelength-selecting 
filter into the midpoint of the optical fiber assures increased stability. When the 
filter has a thickness of 50 ju m, the wavelength selecting filter-fixing groove is 
designed to have a width of 55 to 60 ii m. When the filter has a thickness of 
100 IX m, the groove is designed to have a width of 105 to 110 /x m. After the 
insertion of the wavelength-selecting filter, the gaps between the filter and the 
optical fiber and between the filter and the groove are filled with a transparent 
resin having a refiractive index comparable to that of the optical fiber. 

Figure 14 is an enlarged view of the place where a wavelength-selecting filter 
having a thickness of -Fand a refractive index of iZf is inserted into the midpoint 
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of a single-mode optical fiber 23 having a core whose diameter is c and whose 
refractive index is 22b at the oblique angle 0 . This figure is used to calculate the 
amount of the deviation of a beam of Kght after passing through the filter. The 
beam proceeds from the left to the right. line -STOMAL signifies the axis of the 
optical fiber. The beam having proceeded in the direction of KO enters the filter 
at the center point O of the end face of the optical fiber and is refracted in the 
direction OQ. The normal line at the boundary is denoted in HOPS. Point Pis 
the intersection between the normal fine and the other face of the filter. line 
OP, whose length is F, shows the thickness of the filter 32. 

When the beam having proceeded in the direction KOvo. the core is reflected 
at boundary point O (the complementary wavelength is reflected at the filter), 
the reflected beam proceeds in direction OR. Since the angle between line OR 
and the optical axis is 20, the reflected beam penetrates the cladding and dis- 
sipates. The refracted beam proceeds in direction OQ. When angle KOHis de- 
noted in ©, and angle QOMia angle POQis expressed in © - Snell's 
law gives the following relationship: 

J3^in0 =7%sin(0 - (7). 
Hence, 

<b =-sin-^ (236sin0/j%>+ © (8). 
The optical fiber is known to have a refractive index of 11^= 1.46. Because the 
total refractive index of the filter is not known precisely, the refractive index 
(1.52) of the polyimide substrate, which constitutes the principal part of the 
filter, is used as the total refractive index i% = 1.52. Consequently, the values of 
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O f or © = 4 degrees, © = 8 degrees, and © = 12 degrees are obtained as 
follows: 

0 (4 degrees) = 0. 158 degrees (9). 
(8 degrees) = 0.318 degrees (10). 

$ (12 degrees) = 0.480 degrees (11). 
Even when the filter is supposed to have a iMckness, F, of 100 n m, deviation 
MQ of the beam from the axLs of liie core is no more than 0.27 m m for 0 =4 
degrees, 0.56 jtz m for 0 =8 degrees, and 0.84 /i m for 0 =12 degrees. Be- 
cause the core has a radius of 5 // m, the beam having entered the filter at 
point O reaches the other end of the filter, Q, with a negligible amount of devia- 
tion from the axis of the core, MN, In other words, a beam of light having an 
assigned wavelength can propagate through the optical fiber even after passing 
through the wavelength-selecting filter. 

The values given by equations (9), (10), and (11) obtained by the above con- 
sideration can be used for correcting the angle of incidence to the obliquely in- 
serted filter. Therefore, it is desirable that the thickness of the dielectric mul- 
tilayer film that forms the filter be determined by correcting the angle 0 us- 
ing the foregoing values in terms of strict design. 

(Embodbnent 4) 

Figures 8 and 9 show Embodbnent 4. As with Embodiment 2, an optical 
waveguide 35 is formed on a substrate 20, an optical pathway-changiag groove 
21 is provided on the axis of the substrate, and a PD 24 is mounted directly 
above the oblique end face 26 of the groove. A wavelength selectmg filter-fixing 
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groove 39 is formed by macMoing at the midpoint of the optical waveguide 35 
ia the direction perpendictdar to the axis of the waveguide. The groove 39 has a 
4- to 12-degree slant toward the front. A wavelength-selecting filter 32 is in- 
serted into the groove 39 at the place where the waveguide is severed, and the 
filter is fixed there. The PD 24, the optical pathway-changing groove 21, the 
wavelength-selecting filter 32, and the end portion of the optical waveguide are 
covered with a transparent resin 34. The substrate is fixed to a lead frame, and 
the electrode terminals on the substrate and leads are connected by wire 
bonding. Plastic molding completes the production of the device. 

In this embodiment, the obhque wavelength selecting filter-fixing groove 39 
is formed at the midpoint of the waveguide 35 and the wavelength-selectimg 
filter 32 is inserted into the groove 39. Dissimilar to Embodiment 2, the filter is 
inserted into the midpoint of the optical waveguide, unattached to its end face. 
The insertion of the filter into the midpoint of the optical waveguide assures 
increased stability. When the filter has a thickness of 50 ii m, the filter-fixing 
groove is designed to have a width of 55 to 60 /x m. When the filter has a thick- 
ness of 100 /z m, the groove is designed to have a width of 105 to 110 ii m. Af- 
ter the insertion of the filter, the gaps between the filter and the optical 
waveguide and between the filter and the groove are filled with a transparent 
resin having a refractive index comparable to that of the optical waveguide. 
These procedures are similar to those in Embodiment 3. 

Incoming fight, having WDM signals, from the outside optical fiber enters 
the optical waveguide 35. The wavelength-selecting filter 32 transmits only the 
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assigned wavelengtli reflecting the complementary wavelength. Since the 
filter is slanted, the complementary wavelength is reflected obliquely and dis- 
sipated without returning to the original pathway. Light having the assigned 
wavelength emerges from the end face of the optical waveguide 35, enters the 
optical pathway-changing groove 21, is reflected at the oblique end face 26, and 
enters the PD 24, The PD detects only the assigned wavelength Xy 

(Embodhnent 5) 

Figures 10 and 11 show Embodiment 5. As with embodiments hitherto ex- 
plained, an optical waveguide 35 is formed on a substrate 20, an optical path- 
way-changing groove 21 is provided on the axis of the substrate, and a PD 24 is 
mounted directiy above the obEque end face 26 of the groove. A wavelength 
selecting filter-fixing groove 39 is formed by machining at the midpoint of the 
optical waveguide 35 in the direction perpendicular to the axis of the 
waveguide. The groove 39 has a 4- to 12-degree slant toward the fi:ont. Some 
length of the optical waveguide 35 is shaved partly so that the removed portion 
includes at its center the wavelength selecting filter-fixing groove 39. As a re- 
sult, spaces 40 are formed in firont of and behind the groove 39. A wavelength- 
selecting filter 32 is securely inserted into the groove 39 at the place where the 
core is separated into two parts. A collimator 41 is inserted into the space be- 
tween the filter 32 and the optical waveguide 35 in ficont of the filter; an inverse 
coUimator 42, into the space between the filter 32 and the optical waveguide 35 
behind the filter. Although this embodiment is similar to the prior art with re- 
spect to both having a collimator and an inverse collimator, those used in this 
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embodiment are suffidenUy small. They axe used to obtain a parallel beam of 
Kght before tlie wavelengtli selection, A collimator and an inverse collimator 
can be used for increasing wavelength resolution so that the assigned wave- 
length can be selected from the increased number of wavelengths. The present 
invention can be applied to such a combination. 

The PD 24, the optical pathway-changing groove 21, the wavelength- 
selecting fiOlter 32, the collimator 41, the inverse collimator 42, and the end por- 
tion of the optical waveguide 35 are covered with a transparent resin 34. The 
substrate is fixed to a lead frame, and the electrode terminals on the substrate 
and leads are connected by wire bonding. Plastic molding completes the pro- 
duction of the device. 

In this embodiment, a collimating system is used at both sides of the wave- 
length-selecting filter in addition to the structure used in Embodiment 4. The 
structure in this embodiment can be appHed to actual use without sacrificing 
the excellent features of the present invention: small size and low cost. 

(Embodiment 6) 

Figures 12 and 13 show Embodiment 6. As with embodiments explained thus 
far, an optical waveguide 35 is formed on a substrate 20, an optical pathway- 
changing groove 21 is provided on the axis of the substrate, and a PD 24 is 
mounted directly above the obhque end face 26 of the groove. In addition, an 
amphfier 44 is provided on the substrate to amplify the signals of the PD 24. 
Immediate amplification of a fast-changiag weak photocurrent can notably 
reduce the influence of noise from outside. As with Embodiment 4, a wave- 
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length selecting filter-fixing groove 39 is formed by machining at tte midpoint 
of the optical waveguide 35 in the direction perpendicular to the axis of the 
substrate. The groove 39 has a 4- to 12-degree slant toward the firont. A wave- 
length-selecting filter 32 is securely inserted into the groove 39, so that the core 
of the optical waveguide 35 is separated into the firont part and the rear part. 

As with Embodiment 4, the optical waveguide 35 is formed on the Si sub- 
strate 20, and the wavelength-selecting filter 32 is placed at the midpoint of the 
optical waveguide 35. In this embodiment, the amphfier 44 is mounted on the 
Si substrate 20 to amplify the signals in the form of photocurrent generated by 
the PD 24. Since the signals are imimediately amplified, noise levels can nota- 
bly be reduced. As a result, wavelength selectivity is fiirther sharpened at both 
ends of the sensitivity-wavelength curve, reducing the possibility of overlap- 
ping with the neighboring wavelength band. It is effective to use the combina- 
tion of an InGaAs-based PD and an amplifier made with a GaAs-based IC or an 
Si-base IC. 

(Embodiment 7) 

When an optical fiber is used as the Hght-transmitting medium, the optical 
fiber can be inserted into a cylindrical ferrule. When an optical fiber and a fer- 
rule are unified, this unit is called a ferruled optical fiber. The optical fiber 
comprises a core having a diameter of 10 ju m and a cladding having a diame- 
ter of 125 n m. The ferrule is a cylindrical member with an inside diameter of 
125 M m and is made of metal, ceramic, or other material. In this embodiment, 
a ferruled optical fiber is used as the Hght-transmitting medium and is fixed on 
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a substrate as shown in Pigs. 15 and 16. 

A V-shaped groove 22 is provided on a rectangular solid-shaped substrate 20 
made of Si or ceramic. The groove is provided in the direction of the center axis 
of the substrate, and a larger V-shaped groove 52 is provided between the V- 
shaped groove 22 and the front end of the substrate. On the center axis of the 
substrate, an optical pathway-changing groove 21 is pro\dded behind the V- 
shaped groove 22. Consequently, the larger V-shaped groove 52, the V-shaped 
groove 22, and the optical pathway-changing groove 2 1 are aligned ia this order 
on the center axis. The optical pathway-changing groove 21 has an obhque end 
1 10 face 26 at the other end. These grooves can be formed by anisotropic etching 
when an Si substrate is used and be molded by a mold when a plastic or ce- 
ramic substrate is used. When a metal substrate is used, these grooves can be 
formed by mechanical cutting. A metal substrate requires an insulating layer. 
A wiring pattern is formed on the top surface of the substrate 20 by printing, 
15 vapor-depositing, spattering, or another method. A PD 24 is fixed on the sub- 
strate surface above the oblique end face 26. The PD is a back-illuminated type. 
The PD 24 is fixed such that it straddles the end portion of the optical path- 
way-changing groove 21. The substrate 20 is fixed to a lead frame, and the con- 
nections between the PD's electrodes and the wiring pattern and between the 
20 wiring pattern and the leads are done by wire bonding. 

An optical fiber 23 is securely inserted into a cylindrical ferrule 50. This em- 
bodiment uses a ferruled optical fiber in which the optical fiber 23 and the fer- 
rule 50 are unified in advance. In one type of ferruled optical fiber, the optical 
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fiber is flush with the ferrule at one end; in another type, the optical fiber pro- 
trudes firom the ferrule at both ends. This embodiment uses the former type. 
The protruding end of the optical fiber is poHshed obHquely to prevent the re- 
flected light firom returning to the original pathway. 

A filter-supporting hole 51 is provided at the midpoint of the femiled optical 
fiber. A wavelength-selecting filter 32 is inserted into this hole. Although not 
required to pass through the ferrule 50, the hole must be provided such that it 
intersects the optical fiber 23. The filter, made of a dielectric multilayer film, 
transmits only the assigned wavelength, reflecting the other wavelengths. The 
filter is slanted sHghtly to the plane perpendicular to the axis. 

A ferruled optical fiber thus prepared in advance is placed on the substrate 
20. The ferrule 50 is placed in the larger V-shaped groove 52 and fixed; the opti- 
cal fiber 23 is placed in the V-shaped groove 22 and fixed. The end portion of the 
optical fiber 23, the optical pathway-changing groove 21, and the PD 24 are 
covered with a transparent resin 34 using the encapsulation method. The lead 
firame with the substrate may either be housed in a package such as a ceramic, 
plastic, or metal package or be plastic-molded with epoxy resin. 

The optical fiber 23 in the ferrule 50 is coimected to the outside optical fiber 
through an optical connector. Although signal-laden light having propagated 
through the outside optical fiber has a multitude of wavelengths, the wave- 
length-selecting filter transmits only the assigned wavelength. light having 
the assigned wavelength emerges firom the optical fiber 23, passes through the 
optical pathway-changing groove 21, is reflected at the obHque end face 26, and 
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enters the PD 24. The PD generates photocnxrent at a photo-sensitive area 25. 
This function is similar to that in other emhodiments such as Embodiment 1. 

In this embodiment, the wavelength-selecting filter is attached to the fer- 
ruled optical fiber in advance. It is therefore unnecessary to carry out the 
groove processing and filter insertion after the fixation of the optical fiber onto 
the Si substrate. This structure provides higher productivity and is mechani- 
cally stronger than that produced without using a ferrule. 

(Embodiment 8) 

This embodiment, also, uses a ferruled optical fiber, in which an optical fiber 
is inserted into a ferrule. A wavelength-selecting filter is securely inserted in 
advance into a filter-supporting hole provided in the ferruled optical fiber. Fig- 
ure 17 is a perspective view showing the internal structure of an optical re- 
ceiver of this embodiment. 

A rectangular solid-shaped substrate 20 made of Si or ceramic is formed such 
that it has two platforms: a low fifont platform and a high rear platform. A V- 
shaped groove 22 is provided on the center axis of the firont half of the high rear 
platform. A larger V-shaped groove 52 is provided on the center axis of the low 
firont platform. A short, narrow optical pathway-changing groove 54 is provided, 
in alignment, behind the V-shaped groove 22. A lateral groove 53 is formed such 
that it orthogonally crosses the optical pathway-changing groove 54. The later- 
al groove 53 determines the end position of the optical fiber. The optical path- 
way-changing groove 54 has an oblique end face. 

Wiring patterns 56 to 59 are formed on the top stirface of the substrate 20 by 
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printing, vapor-deposition, sputtering, or another method. The wiring patterns 
are more complicated than the pattern in Embodiment 7 because an amplifier 
60 is to be provided in this embodiment A PD 24 is fixed to the wiring pattern 
59 on the substrate surface above the oblique end face of the optical pathway- 
changing groove 54. The PD, also, is a back-illuminated type. An amplifier 60 is 
mounted onto a groimdLag wiring pattern 56 behind the PD 24. Mat-type ca- 
pacitors 61 and 62 are fixed to the rear portion of the grounduig wiring pattern 
56. A p electrode 55 of the PD 24 is connected to an input terminal of the ampli- 
fier 60 with a wire. Power-source terminals of the amplifier 60 are connected to 
upper electrodes of the capacitors 61 and 62 with wires. An output terminal of 
the amplifier 60 is connected to the wiring pattern 58 with a wire. A power- 
source pad of the amplifier 60 is connected to the wiring pattern 57 with a wire. 
The substrate 20 is fixed onto a lead firame 63 (see Fig. 19). Leads and the wir- 
ing patterns are connected by wire bonding. 

An optical fiber 23 of a ferruled optical fiber is securely inserted into a cyhn- 
drical ferrule 50. A filter-supporting hole is provided at a midpoint of the fer- 
ruled optical fiber. A wavelength-selecting filter 32 is inserted into this hole. 
Although not required to pass through the femile 50, the hole must be provided 
such that it intersects the optical fiber 23. The filter transmits only the as- 
signed wavelength, reflecting the other wavelengths. 

A ferruled optical fiber thus prepared ia advance is placed on the substrate 
20. The ferrule 50 is placed in the larger V-shaped groove 52 and fixed; the opti- 
cal fiber 23 is placed ia the V-shaped groove 22 and fixed. The end portion of the 
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optical fiber 23, the optical pathway-changing groove 54, and the PD 24 are 
covered with a transparent resin 34 (see Fig. 19) using the encapsulation 
method. The lead frame with the substrate is plastic-molded with epoxy resin. 
Figure 19 shows this structure in a transverse cross section. Figure 18 is a per- 
spective view showing that the principal parts are encapsulated in a plastic 
mold package 64. Lead pins 65 protrude in parallel from both sides. The ferrule 
50 housing the optical fiber protrudes firom the firont end. 

The optical fiber in the ferrule 50 is connected to the outside optical fiber 
through an optical connector. Although signal-laden light having propagated 
through the outside optical fiber has a multitude of wavelengths, the wave- 
length-selecting filter transmits the assigned wavelength only. Light having 
the assigned wavelength emerges firom the optical fiber 23, passes through the 
optical pathway-changing groove 54, is reflected at the oblique end face, and 
enters the PD 24. The PD generates photocurrent at the photo-sensitive area. 
The photocurrent is amplified by the amplifier 60 placed in the vicinity of the 
PD. Amplified low-impedance signals are sent out to the outside circuit. This 
device has the advantages of high sensitivity and noise resistance. 

(Embodiment 9) 

This embodiment, also, uses a ferruled optical fiber, in which an optical fiber 
is inserted into a ferrule. A wavelength-selecting filter is securely inserted in 
advance into a filter-supporting hole provided in the ferruled optical fiber. The 
mounting structure for the ferrule and optical fiber is similar to that in em- 
bodiments described thus far. This embodiment improves the ferruled optical 
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fiber, and only tMs improvement is e^qplained here. Figure 20 is a longitudinal 
cross section of the improved portion. 

Whereas Embodiment 7 provides no gaps between the wavelength-selecting 
filter and the filter-supporting hole, this embodiment provides gaps between 
the two. A filter-supporting hole 51 is provided in a ferrule 50 perpendicidar to 
the axis of the ferrule. First, a transparent resin 34 having a reficractive index 
comparable to that of an optical fiber 23 is poured into the hole. Next, a wave- 
length-selecting filter 32 is inserted into the hole, with the gaps filled with the 
resin. The resin prevents a beam of light emergiag firom the optical fiber from 
spreading out and eliminates reflection at the end faces of the optical fiber and 
filter. If reflection is eliminated completely firom the optical fiber and filter, no 
fight beam returns to the original pathway. This condition allows the filter to 
intersect the axis orthogonaUy. 

(Embodiment 10) 

This embodiment, also, uses a ferruled optical fiber, in which an optical fiber 
is inserted into a ferrule. Figure 21 shows a longitudtaal cross section of this 
portion. A wavelength-selecting filter 32 is securely inserted in advance into a 
sKghtly obHque filter-supporting hole 51 provided in the ferruled optical fiber. 
The mounting structure for the ferrule 50 and optical fiber 23 is similar to that 
in embodiments described thus far. This embodiment further improves the fer- 
ruled optical fiber, and only this improvement is explained here. Whereas Em- 
bodiment 9 provides a filter-supporting hole that intersects the axis orthogo- 
nally, this embodiment provides a filter-supporting hole that intersects the axis 
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obliquely. As with Embodiment 9, this embodiment provides gaps between the 
filter and the hole. First, a transparent resin 34 having a refractive index com- 
parable to that of the optical fiber is poured into the oblique hole. Next, a 
wavelength-selecting filter 32 is inserted into the hole and fixed, with the gaps 
filled with the resin. The resin prevents a beam of light emerging from the opti- 
cal fiber from spreading out and eliminates reflection at the end faces of the 
optical fiber and filter, 

(Embodiment 11) 

Figure 22 is a longitudinal cross section of a ferruled optical fiber used in this 
embodiment. In the ferruled optical fiber, an optical fiber is integrated with a 
ferrule. This embodiment uses a coUimator-integrated wavelength-selecting 
filter, in which a wavelength-selecting filter 32, a collimator 41 placed in front 
of the fiulter, and an inverse collimator 42 placed behind the filter are integrated 
into a single imit. A filter-supporting hole 51 is provided in a ferruled optical 
fiber perpendicular to the axis of the fiber. As with Embodiment 10, this em- 
bodiment provides gaps between the coUimator-integrated wavelength- 
selecting filter and the hole. First, a transparent resin 34 having a refractive 
index comparable to that of an optical fiber 23 is poured into the hole. Next, the 
coUimator-integrated filter is inserted into the hole, with the gaps fiUed with 
the resin. The top of the coUimator-integrated filter protrudes shghtly from the 
ferrule 50. The resin prevents a beam of Hght emerging from the optical fiber 
from spreading out and eliminates reflection at the end faces of the optical fiber 
and the coUimator-integrated filter. 
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If there is the slightest difference in refractive index between the transpar- 
ent resin 34 and the optical fiber 23, a beam of light emerging from the optical 
fiber spreads out in the resin. In this embodiment, however, the collimator 41 
converts the divergent beam into a parallel beam. The parallel beam enters the 
wavelength-selecting filter 32. The filter rejects the complementary wavelength, 
transmitttag only the assigned wavelength. The inverse collimator 42 converts 
the parallel beam into a convergent beam. The convergent beam enters the 
optical fiber. 

The number of layers and the layer thickaesses of the dielectric layers in the 
wavelength-selecting filter 32 are designed by assuming a parallel beam. Con- 
sequently, a divergent or convergent beam causes an error. This embodiment 
eliminates this type of error because a parallel beam enters the filter. 

(Embodiment 12) 

This embodiment, also, uses a coUimator-iategrated wavelength-selecting 
filter, in which a wavelength-selecting filter 32, a collimator 41 placed in front 
of the filter, and an inverse coDimator 42 placed behind the filter are integrated 
into a single tmit. Unlike Embodiment 11, the coUimator-integrated wave- 
length-selecting filter is low in height, so the coUimator-integrated filter is 
buried in a ferrule. This structure is shown in Fig. 23. 

This embodiment, also, uses a ferruled optical fiber, in which an optical fiber 
23 is integrated with a ferrule 50. A filter-supporting hole 51 is provided in the 
ferruled optical fiber perpendicular to the axis of the fiber. As with Embodi- 
ment 11, this embodiment provides gaps between the coUimator-iategrated 
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filter and the hole. First, a transparent resin 34 having a refractive index com- 
parable to that of the optical fiber is poured into the hole. Next, the coUimator- 
integrated filter is inserted into the hole. Being low in height, the top of the 
coHLmator-integrated filter is below the surface of the ferrule. The resin fill s the 
gaps and covers the top of the coUimator-integrated filter. The resin prevents a 
beam of hght emerging from the optical fiber from spreading out and elimi- 
nates reflection at the end faces of the optical fiber and the coDimator- 
integrated filter. 

If there is the slightest difference in refiractive index between the transpar- 
ent resin 34 and the optical fiiber 23, a beam of light emerging from the optical 
fiber spreads out in the resin. In this embodiment, however, the collimator 41 
converts the divergent beam into a parallel beam. The parallel beam enters the 
wavelength-selecting filter 32. The filter rejects the complementary wavelength, 
transmitting only the assigned wavelength. The inverse collimator 42 converts 
the parallel beam into a convergent beam. The convergent beam enters the 
optical fiber. 

The number of layers and the layer thicknesses of the dielectric layers in the 
wavelength-selecting filter 32 are designed by assuming a parallel beam. Con- 
sequently, a divergent or convergent beam causes an error. This embodiment 
ehminates this type of error because a parallel beam enters the filter. 

(Embodiment 13) 

This embodiment, also, uses a coUimator-integrated wavelength-selecting 
filter, in which a wavelength-selecting filter 32, a collimator 41 placed in firont 
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of the filter, and an inverse collimator 42 placed behbid the filter are iategrated 
into a siagle nnit. This embodiment, also, uses a femiled optical fiber, in which 
an optical fiber 23 is integrated with a ferrule 50. Unlike Embodiments 11 and 
12, the collimator-integrated wavelength-selecting filter has the same diameter 
as that of the femile. The coUimator-integrated filter is not fixed in the ferruled 
optical fiber in advance. The position of the coIUmator-integrated filter is de- 
termined only after the ferruled optical fiber is placed in a V-shaped groove and 
a larger V-shaped groove provided on a substrate 20. This structure is shown in 
Fig. 24. 

The ferruled optical fiber is severed perpendicularly to the axis of the fiber to 
provide a space 51 for equipping the collimator-integrated filter. Since the col- 
Limator-integrated filter has the same cylindrical shape as the ferruled optical 
fiber, it fits into the space 51. The ferrule 50 is placed in a larger V-shaped 
groove 52 and the optical fiber 23 is placed in a V-shaped groove 22, with the 
ferruled optical fiber maintained horizontal. The larger V-shaped groove posi- 
tions the collimator-integrated filter by supportiag it at two points on the 
periphery of the collimator-integrated filter. 

A transparent resin 34 having a reficactive index comparable to that of the 
optical fiber is poured into the larger V-shaped groove 52 and the V-shaped 
groove 22 to fix the ferrtded optical fiber. The resin fills the remaining gaps 
between the collimator-integrated filter and the ferruled optical fiber and cov- 
ers the top of the collimator-integrated filter. The resin prevents a beam of hght 
emerging firom the optical fiber fi:om spreading out and eliminates reflection at 
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the end faces of the optical fiber and the collimator-integrated filter. This em- 
bodiinent can eliminate one step in the process of resin apphcation. 

In EmbodLments 7 to 13, where a ferruled optical fiber is used, the optical 
fiber protrudes fcom the rear of the ferrule. When a wavelength-selecting filter 
is provided such that it intersects the ferrule, it is inserted at the midpoint of 
the optical fiber, as e:q)lained in Embodiments 7 to 13. However, even if a fer- 
ruled optical fiber is used, a wavelength-selecting filter can be attached to the 
end face of the optical fiber. In this case, part of the optical fiber is supported by 
the ferrule. This structure is somewhat similar to that shown in Embodiment 1. 

The present invention imparts more accurate wavelength selectivity to a sur- 
face-moimted optical receiver by attaching a wavelength-selecting filter closely 
to a light-transmitting medium. The present invention can offer a small, low- 
cost optical receiver that has accurate wavelength selectivity and that is most 
suitable for a WDM commimication system that uses signals transmitted by 
using a plurality of wavelengths, such as eight or sixteen wavelengths. 



